In this paper, we demonstrate for the first time the technique to using microfluidics to fabricate tissue engineering scaffolds with uniform pore sizes. We investigate both the bubble generation of the microfluidic device and the application of foam as a tissue engineering scaffold. Our microfluidic device consists of two concentric tapered channels, which are made by micropipettes. Nitrogen gas and aqueous alginate solution with Pluronic ® F127 surfactant are pumped through the inner and the outer channels, respectively. We observe rich dynamic patterns of bubbles encapsulated in the liquid droplets. The size of the bubble depends linearly on the gas pressure and inversely on the liquid flow rate. In addition, monodisperse bubbles self-assemble into crystalline structures. The liquid crystalline foams are further processed into open-cell solid foams. The novel foam gel was used as a scaffold to culture chondrocytes.
templating colloidal crystals. Colloidal spheres were organized into crystals by slow evaporation of the solvent. The interstices were then infiltrated with scaffold materials. Finally, the colloidal spheres were removed by organic solvent or calcination. Scaffolds of inverted crystal structures are made. However, the removal step by calcination limits the scaffold materials, and the method that uses organic solvent is slow and harmful for cells with organic residues.
Scaffolds have been fabricated in the form of solid foam, which is formed by rapid solidification of liquid foam. Solid foams are classified into open-cell or closed cells foams depending on whether the cellular faces of its liquid parent are retained. Liquid foams are colloidal dispersions of gas bubbles in a liquid where the bubbles are in contact. They are thermodynamically metastable. Monodisperse foams self-assemble into crystalline phases and exhibit stronger mechanical strength and longer stability than polydisperse foams. Conventionally monodisperse foams consisting of 1-10 mm diameter bubbles are usually made by blowing gas through a liquid column. At this length scale, gravitational force drains the liquid significantly. Microfluidics, which manipulates fluidic flow on microscales, provides a new mean to generate monodisperse bubbles or droplets at the length scale of 100 m. Foams of this length scale remain wet under gravity and are spontaneously and rapidly ordered. 17 They also fall into the regime of scaffold pores. Microfluidic methods that have been employed include flow focusing, 18, 19 cross flowing, 20 and coflowing of liquid and gas streams. 21 The dynamics, mechanism, and scaling behaviors of bubble breakup are under intense investigation. In addition, rich, complex but repeating foam flows have also been reported. 22, 23 There are also chaotic behaviors such as bifurcation which generates bidisperse bubbles. 18 For fundamental studies, the self-organized patterns of multiphasic fluidic flow in a simple microfluidic circuit provides an ideal testbed for studying self-organized dynamics in nonequilibrium conditions. 24 For application purposes, the multiphasic flow has been applied to fabricate new materials that encapsulate cells in small spherical closed cell foam. 25
II. EXPERIMENTAL

A. Microfluidic device
Our microfluidic device was inspired by the work of Utada et al. 26 It was composed of two concentric micropipettes: One micropipette was made from a cylindrical capillary tube, nestled within the other which was made from a square capillary whose inner dimension was close to the outer diameter of the cylindrical tube ͑Fig. 1͒. The micropipettes were pulled by a micropipette puller ͑P-97, Sutter Instrument, USA͒. The bubbles were generated by injecting a filtered aqueous solution containing 1% alginate ͑Sigma, A2158͒ and 1% Pluronic ® F127 surfactant through the outer channel and nitrogen gas through the inner channel. It has been shown that cells proliferate and maintain high viability at this concentration of Pluronic ® F127. 27 The alginate solution was injected at a controlled flow rate by a syringe pump ͑Ph.D 22/2000, Harvard Apparatus, USA͒. The pressure was measured by a digital pressure indicator ͑PM, Heise, USA͒. After the flow parameters were adjusted, we waited for the system to reach a steady state before we took our measurement. The bubble formation process was imaged by an ultrahigh speed video camera ͑Phantom v4.2, Vision Research, USA͒. The exposure time was 10 s and the images were captured in a reduced size 64ϫ 256 at 20 000 frames/s. The bubbles were collected in a petri dish and observed using a stereoscope ͑Leica EZ4, Switzerland͒.
B. Cell cultures
Articular cartilage sliced from porcine joints was incubated in Dulbecco's modified Eagle's medium ͑DMEM͒ containing 0.2% collagenase type II ͑Sigma͒ at 37°C for 16 h. Chondrocytes, the matrix-forming cells of cartilage, used in this study were collected from a cartilage-digested solution and placed in a culture vessel, which was subsequently filled with the medium. The rotation speed of the centrifuge was set at 1500 rpm for 5 min. The cells subsequently collected were suspended in DMEM supplemented with 10% fetal bovine serum ͑Gibco͒ and 50 g / ml vitamin C ͑Sigma͒. The cells were maintained in a humidified atmosphere of 5% CO 2 and 95% air at 37°C, and the medium was replaced once every 3 days until the cells reached a confluent population ͑Ն10 6 cells͒ on 100 mm culture dishes. After the scaffolds were twice rinsed with the culture medium in 12-well culture plates, the cells were injected into the alginate scaffolds. The culture medium was then added to scaffold-containing well. 100 units/ml penicillin and 100 g / ml streptomycin were added to prevent bacteria growth. The plates were transferred to an incubator at 37°C with 5% CO 2 , and their media were changed once every 2 days.
III. RESULTS
A. Bubble generation
Bubble formation occurred at the cavity between the inner orifice and the outer orifice of the microfluidic device. The gas stream expanded at the exit of the inner orifice, constricting the passage of the fluid flow, and eventually breaking up into bubbles. The liquid flow containing bubbles inside changed from jetting to dripping when the liquid flow rate was decreased, as shown in Fig. 2 and videos of the processes are available ͑enhanced͒. The liquid bridge between the bubbles became thinner and shorter and eventually disappeared. The very thin filamentlike bridge is the characteristic of viscoelastic fluid flow. At low liquid flow rates, there was an inadequacy of surrounding liquid to stabilize the bubble ͓Fig. 2͑d͔͒. Bubbles burst at the exit of the outer orifice. There were times that all the large bubbles were all broken during the process and only the small bubbles survived inside the smaller liquid droplets ͓Fig. 2͑e͔͒.
The gas pressure P and liquid flow rate Q L determined the size of the bubbles and the liquid droplets coming from the outer orifice. The combination of patterns of bubbles enclosed in the liquid streams were rich, ranging from "periodic droplets containing bubbles" to "pearls in a thread," and even "foam ribbons" ͓Figs. 3͑b͒-3͑d͔͒ and selected videos of these processes are available ͑enhanced͒. A representative state diagram of the patterns is shown in Fig. 3 . When the gas pressure was not high enough to overcome the shear stress exerted by the outer fluid flow, there was only liquid flow. As the gas pressure is increased over a critical point ͑P 0 ͒, single monodisperse bubbles flow out in a liquid jet. P 0 increases linearly with the liquid flow rate. When the liquid flow rate was lower and the gas pressure was higher, bidisperse bubbles were generated and encapsulated as a pair of large and small bubbles within a liquid droplet. The formation of small bubbles was too fast to be captured by the camera but their existence was confirmed by examining the collected bubbles ͓Fig. 3͑e.1͔͒. At even lower fluid flow rates or higher gas pressures, the bubbles became unstable in liquid droplets and bursted in the air. The states of the monodisperse bubbles were re-entrant, though many of the bubbles burst in the flight of air. In the region where the bubbles were unstable, there existed bubbles in bidisperse or polydisperse states. In general, the bubbles were less stable and more polydisperse at a low liquid flow rate and high gas pressure.
We measured the diameters of the bubbles from the monodisperse states and from the large bubbles from the bidisperse and the burst state. Figure 4 shows that the curves of the bubble diameter D b increased linearly with P and plateaued at very high P. D b was inversely proportional to Q L below the plateau. When P was normalized by the onset pressure P 0 , the diameter of the bubble depended only on the ratio of P / P 0 and P 0 is proportional to Q L . The plateau of the bubble diameters was due to the constrained cavity whose dimensions of the shown microfluidic device were b =62 m, h = 413 m, and B = 130 m. The equivalent spherical diameter with the same cavity volume was 181 m, which correlated well with our experimental data where the plateau was approximately 172 m. Different microfluidic devices gave similar state diagrams and the same scaling of bubble diameter to the pressure.
B. Scaffolds
We collected bubbles from the monodisperse state and high in gas fraction. They spontaneously self-assembled into crystalline foam structures spontaneously and were stable for several minutes. When collected, the liquid foam is collected about 3 mm in thickness in a 3 cm petri dish. A 100 mM or higher CaCl 2 solution was added quickly and continuously for a few minutes to cross-link the alginate. Incomplete gelation occurred when the liquid foam was too thick due to the limit of ion diffusion. The cross-linked solid foam was placed in liquid and degassed under vacuum until the pores were filled with water. The pressure difference between the bubbles and the ambient atmosphere ruptured the film between the bubbles and only plateau borders were left. A sliced cross-linked open-cell foam scaffold was observed under an environmental scanning electron microscope ͑SEM͒ ͓FEI Quanta 2000, Fig. 5͑a͔͒ . Fluorescent microspheres were incorporated into the alginate solution for the observation by the Leica TCS SP5 confocal microscope shown in Fig. 5͑b͒ . Both figures show highly ordered and interconnected pores of scaffolds. The ordered honeycomb structure was more pronounced near the surfaces of the scaffold. Deep inside the scaffold, the size distribution of the pores became broader but was still quite narrow compared to traditional alginate sponge. The spatial distribution of the pores was also less ordered. We believe that flowing calcium solution into alginate foam and the nonuniform gelation affected crystalline structures and the monodispersity of liquid foams. Nevertheless, the pores of scaffolds made by the microfluidic method were more controlled than the conventional sponge. We cultured chondrocytes on the hydrogel scaffolds. The cells were introduced into the scaffold by injection. The chondrocytes grew for more than a month in our scaffolds, and Figs. 5͑c͒-5͑e͒ show their proliferation over time. 
IV. CONCLUSIONS
Microfluidic technology continues to exert an impact on biological applications. 28 The ability to generate monodisperse droplets drives the development of cell-based assays in picoliter and large statistics. 29, 30 In this paper, we demonstrated a further application for fabricating scaffolds of uniform pore size for tissue engineering and 3D cell cultures. This method is simple, fast, and inexpensive. We have shown that chondrocytes proliferate in the new scaffolds. Similar microenvironments are suitable for further studies of the effect of pore size and porosity in tissue engineering. The uniformity in pore size can be improved by increasing the stability of foam and by more controlled gelation process. This method can be used with other scaffold materials. Our new rigid axisymmetric coflow device was able to produce complex patterns. The peculiar structures of the droplets containing bubbles can be further engineered into new materials by polymerizing the liquid in the air. The mechanism of breakup and the governing law on patterns is under further investigation. Our work not only shows the novel biological applications of microfluidic technology but also contributes to the current research trends of the biphasic flow and the dynamic patterning using the microfluidic device.
